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(57) Abstract 
Objective: 

To offer a cleaning apparatus that adequately manifests the respective merits of liquid phase cleaning and 
gas phase cleaning. 

Constitution: ^ f 

A spin processor 10 is equipped withkjo tating rqfo r 2 in a cleaning chamber 1. A cleaning liquid supply 
pipe 16 that sprays cleajiiTjg^tqmd^ int o t he rotor 2, and a cteaiungjj^ is 

connected to the cleaning_chamberJ^ DufS^cleaning, a carrier 9 on which Si wafers W have been 
placed is placed in the rotor 2, and as it isflfotated by the motor 3, cleaning liquid is sprayed so that liquid 
phase cleaning is carried out. After liquid\ihase cleaning, HF vapor is then introduced from the cleaning 
gas supply pipe 18 and is conducted into -the carrier 9 via the holes 11 in the rotor 2 so that oxide film 
produced due to liquid phase cleaning is cleaned by the gas phase. No drying is performed after removal 
of the oxide film, so that the number of processes is reduced relative to conventional cleaning treatments. 
A cleaning treatment can thus be carried out that provides the merits of both. 

Claims 

Claim 1. A spin processor, characterized by being equipped with a cleaning chamber, a rotor that 
contains the object to be cleaned and can rotate within the aforementioned cleaning chamber, a cleaning 
liquid supply pipe that is connected to the cleaning chamber and supplies liquid cleaning agent to the 
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interior of the aforementioned rotor that rotates, and a cleaning gas supply pipe that is connected to the 
cleaning chamber and supplies gas cleaning agent to the interior of the rotor. 

Claim 2. The spin processor according to Claim 1, characterized in. that the aforementioned cleaning 
liquid supply pipe is equipped with a tip section that protrudes into the center of the rotor, numerous 
spray openings that discharge cleaning liquid into the rotor interior in the form of a mist are formed at 
the aforementioned tip section, and numerous holes are formed in the side walls of the rotor, which 
conduct cleaning gas that has been introduced into the cleaning chamber into the rotor interior. 
Claim 3. The spin processor according to Claim 2, characterized in that exhaust pipes that conduct 
cleaning liquid and cleaning gas from the chamber after cleaning are connected to the aforementioned 
cleaning chamber. 

Detailed description of the invention 
[0001] 

Field of industrial utilization 

The present invention concerns a cleaning device for cleaning Si wafers or other objects to be cleaned, 
and in particular, concerns a spin processor that is designed so that the cleaning treatment can be 
effectively performed by housing and rotating the object to be cleaned. 
[0002] 
Prior art 

In recent years, the detail of circuit patterns has been increasing in the field of semiconductor electronics, 
and the degree of large-scale integration is trending towards higher densities and higher integration 
levels- In conjunction therewith, raicro-contamination present on wafers has come to have a significant 
effect on product quality and productivity. For this reason, the cleanliness of various processes such as 
ultra-large scale integrated circuit manufacture processes must, of course, be increased, and the degree to 
which the surface of the wafer is maintained in a clean state has become a critical problem. 
Consequently, the wafer cleaning processes are becoming extremely important processes. 
[0003] 

At present, cleaning of wafers is carried out bjjjiguid-phase cleaning methods (wet cleaning) wherein 
SCI cleaning liquid (ammonia and hydrogeSoTp^ solution) or SC2 cleaning liquid 

(hydrochloric acid and hydrogen peroxide aqueous solution) are used as cleaning agents, and gas-phase 
cleaning methods (dry cleaning) wherein a gas such as HF vapor or UV/Oj is used. At present, liquid- 
phase cleaning treatments are primarily used for various reasons, for example, because throughput 
(treatment volume per unit time) is high due to the potential for batch treatments, cleaning of the back 
side of the wafer is also possible, and numerous types of contaminants such as particles and natural oxide 
films can be eliminated with comparative ease. However, this type of wafer cleaning method brings with 
it the problem that contaminants accumulate in the cleaning agent when the liquid cleaning agent is used 
over a long period of time, and re-contaminate wafers by adhering to the surface of wafers arriving from 
previous processes. Although it is desirable, in theory, to always use fresh cleaning liquid or purified 
water, cleaning liquid consumption increases in such cases, which causes an increase in manufacture 
cost. 

[0004] . 
By means of [illegible due to missing line at bottom], cleaning can be earned out uniformly at the micro- 
region level, e.g., contact holes, and moreover, the aforementioned type of re-contamination will not 
occur, leading to the advantage that the device can be readily used in combination with equipment such 
as cluster tools. With this type of dry cleaning method, however, there are problems with particle 
removal, which is a critical cleaning objective, 
[0005] 

Consequently, there are manufacture processes wherein two cleaning treatment processes, wet cleaning 
and dry cleaning, are combined in the wafer manufacture process. By this means, the attempt is made to 
increase cleanliness to as high a level as possible by combining the merits of each method. 
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[0006] 

Problems to be solved by the invention , 

However, with this type of cleaning method, there is a strong possibility that new contaminating material 

will adhere to the surface of the wafer in the process whereby the wafer is transported from wet cleaning 

to dry cleaning. In addition, transport of the object to be cleaned in itself requires work durmg the 

cleaning treatment process, and productivity is greatly increased. Moreover, two cleaning apparatuses 

cannot readily be incorporated in cluster tools. 

[0007] 

The present invention has the objective of offering a cleaning device that makes adequate use of the 
merits of both liquid phase cleaning and gas phase cleaning, without causing problems of this type. 
[0008] 

Means for solving the problems . 
In order to attain the aforementioned objectives, the spin processor of the present invention is 
characterized by being equipped with a cleaning chamber, a rotor that contains the object to be cleaned 
and can rotate within the aforementioned cleaning chamber, a cleaning liquid supply pipe that is 
connected to the cleaning chamber and supplies liquid cleaning agent to the interior of the 
aforementioned rotor that rotates, and a cleaning gas supply pipe that is connected to the cleaning 
chamber and supplies gas cleaning agent to the interior of the rotor. 
[0009] 

In addition, the cleaning liquid supply pipe of the spin processor is equipped with a tip section that 
protrudes into the center of the rotor, where numerous spray holes that discharge cleaning liquid into the 
rotor interior in the form of a mist are formed on the aforementioned tip region. Moreover, numerous 
holes that conduct cleaning gas that has been introduced into the cleaning chamber into the rotor intenor 
are formed in the side walls of the rotor. 
[0010] 

Action , . , 

A cleaning liquid supply pipe that supplies liquid cleaning agent and a cleaning gas supply pipe that 
supplies gas cleaning agent are connected to the cleaning chamber, and because these agents can be 
supplied to the rotor interior, both liquid phase cleaning and gas phase cleaning are possible withtn a 
single cleaning chamber, so that cleaning can be carried out while manifesting the merits of both 
methods. In addition, it is possible to rotate the rotor in the cleaning chamber., so that the tip section of 
the cleaning liquid supply pipe that protrudes into the center thereof causes the cleaning liquid to 
completely cover the interior of the rotor, thereby ensuring uniform cleaning. 
[0011] 

Working example 

The spin processor of the present invention was [illegible due to missing line at bottomj, and as an 
application example of die present invention a device is shown exhibiting a batch-format spin processor 
structure wherein Si wafers that are in an orderly arrangement in a carrier are subjected to liquid phase 
and gas phase cleaning in this condition. In the figure, 10 denotes the spin processor body, and W 
denotes each of the Si wafers that are the objects to be cleaned. 

The^spin processor 10 is equipped with a cylindrical cleaning chamber 1, with a cylindrical rotor 2 that is 
slightly smaller than the cleaning chamber 1 being installed on the interior of the cleaning chamber. The 
rotor 2 is formed so that it can be driven to rotate in the cleaning chamber by a motor 3 that is installed in 
the floor of the cleaning chamber, with the drive axle 4 of the motor 3 passing through the bottom wall 5 
of the cleaning chamber, and attaching at the center of the rotor base plate 6. 
[0013] 

The rotor 2 is a cylinder that is assembled from a circular rotor base plate 6, an annular side plate 7 and a 
rotor ceiling plate 8 that is carried on the side plate. The rotor ceiling plate 8 can be attached or removed 
freely on the rotor body so that it is possible to introduce or remove the carrier 9 described below. In 
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addition, numerous passage holes 11 are formed over the entire region of the side plate 7 passing 
between the interior and exterior of the rotor. 

During operation of the spin processor, a common square carrier 9 that carriers numerous Si wafers W is 
housed in the interior space of the rotor. The carrier 9 is assembled from a mesh plate, for examp e, so 
that it allows flow of cleaning liquid via the earner walls, and as shown in *e ^ «^ le t c ^ " 
are formed that each house a single sheet of wafer W, so that each of the Si wafers W do not contact 
other wafers Win the carrier. 

ffispin processor 10 constituted in the manner described above according to this working example, a 
bushing 14 that fits into the rotor ceiling plate 8 so that it can rotate is fixed to the inside * ^ c«ter of 
the cleaning chamber ceiling plate 13. A passage hole 15 is also formed in the bushing 14 and in the 
cleaning chamber ceiling plate 13, thus passing between the cleaning chamber exterior and rotot m tenor. 
The pipe 16 for supplying cleaning liquid is inserted and fixed therein, and cleanmg liquid is supphed as 
indicated by the arrow B. The tip section of the cleaning supply pipe 16 descends from the bushing 14 
inside the carrier 9, and cleaning liquid is sprayed onto the Si wavers W in the earner from the numerous 
spray openings 17 that are formed in the pipe periphery. This device is thus referred to as a wet cleaning 
device. 

[00161 , . , , c 

In addition, in this working example, a cleaning gas supply pipe 18 that supplies cleaning gas (for 
example HF vapor) as indicated by the arrow A to the cleaning chamber interior from a gas supply- 
source not shown in the figure is connected to the cleaning chamber roof plate 13. This cleaning gas 
supply Pipe 18, as shown in the figure, is intentionally connected at the periphery of the cleaning 
chamber ceiling plate 13 in such a manner that the cleaning gas that is conducted into the cleaning 
chamber proceeds smoothly to the interior of the rotor via the aforementioned holes 11 . With respect to 
this cleaning chamber 1. the aforementioned various supply [illegible due to missing line at bottom] and 
an exhaust pipe 19 for exhausting [illegible due to missing line at bottom] liquid, cleaning gas) outside 
the cleaning chamber as indicated by the arrow C and a waste water pipe 20 for removing cleaning liquid 
as shown by the arrow D are each connected in the lower part of the cleaning chamber. 

Next 7 the action of the aforementioned spin processor 10 and an example of a cleaning method using this 
device will be discussed using, as an example, common RCA cleaning comprising SCI cleaning 
(ammonia and hydrogen peroxide aqueous solution) and SC2 cleaning (hydrochloric acid and hydrogen 
peroxide aqueous solution). 

Figure 2a shows the wafer cleaning sequence carried out using the spin processor 10. Prior to cleaning, 
the cleaning chamber ceiling plate 13 and the rotor ceiling plate 8 first are removed from the cleaning 
chamber and the carrier body respectively and then the carrier 9 with the Si wafers W inserted therein is 
placed in the rotor using an appropriate transport means so that each of the wafers is horizontal. After 
placing, the cleaning chamber ceiling plate 13 and the rotor ceiling plate 8 are installed on the cleaning 
chamber body and carrier body respectively. Next, SCI is discharged in the form of a spray inside the 
rotor from the cleaning liquid supply pipe 16 at the center of the cleaning chamber, and simultaneously, 
the rotor 2 is made to rotate by means of the motor 3, thereby spin-cleaning the Si wafers VV 
Subsequently, the cleaning liquid is supplied to the interior of the rotor via the cleaning liquid supply 
pipe 16 in the sequence: SCI //arrow// DIW (purified water cleaning used in order to control change m 
hydrogen ion concentration due to SCI) //arrow// SC2 //arrow// DIW. Liquid phase cleaning of the 
wafers is thus carried out in this manner. 
[0019] 

Upon completion of liquid phase cleaning, rotation of the rotor 2 is halted after a determinate period of 
time and the wafers W are dried. Subsequently, the wafers are transitioned to gas phase cleaning using 
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HF vapor The HF vapor is supplied between the cleaning chamber 1 and rotor 2 via a cleaning gas 
supply pipe 18, and is conducted to the rotor interior via holes 11 that have been provided in the rotor 
side wall 7. to order to improve the cleaning uniformity and diffusion of vapor at this tune, the TOtor 2 is 
rotated By means of gas phase cleaning using HF vapor, the natural oxide films that have formed on the 
wafer due to liquid phase cleaning are removed. After gas phase cleaning, the carrier 9 is removed from 
the cleaning chamber I unchanged, and is transported to subsequent processes (a drying process is 
unnecessary due to gas phase cleaning). 
[0020] 

When the spin processor 10 of the present invention is used in this manner, both liquid phase cleaning 
and gas phase cleaning can be carried out almost simultaneously in a single vessel, so that the particles 
present on the Si wafers W can be removed by gas phase cleaning and recontamination can be controlled 
by gas phase cleaning. 

[0021] j . 

Moreover gas phase cleaning carried out using HF vapor does not require a drying process after 
cleaning as is well known, and thus includes the drying treatment after DHF (fluoric acid aqueous 
solution cleaning treatment) as shown in Figure 2b. As a result, the treatment time is short relative to 
conventional liquid phase cleaning methods, and productivity can be improved. Of course, in 
comparison to conventional methods in which liquid phase cleaning and gas phase cleaning are earned 
out using separate equipment, because transport is not performed between cleaning operations, 
contamination during this period [illegible due to missing line]. 

[0022] . A . t . 

In addition, with this spin processor 10, numerous wafers placed in the earner 9 are cleaned at the same 
time, giving high throughput because a "batch-format" cleaning method can be employed, and moreover, 
cleaning of the back surface of the wafer can be carried out simultaneously. 

[0023] .... 
Another method for using the spin processor 10 involves introducing gas of the cleaning liquid 
component into the cleaning chamber interior through the cleaning gas supply pipe 18, while introducing 
purified water into the rotor via the cleaning liquid supply pipe 16, thus allowing absorption of the gas 
into the purified water so that clean cleaning liquid can be produced in the rotor. This cleaning liquid is 
immediately used for cleaning the wafers, and thus liquid phase cleaning can be carried out using 
cleaning liquid that is unaffected by the purity of the reagents. 

(0024) . 
Moreover, although a batch-format spin processor was used in this working example, the aforementioned 
structure can also be used in a sheet-format spin processor. 
[0025] 

Effect of the invention 

As described above, liquid phase cleaning and gas phase cleaning can be carried out in the present 
invention in a single cleaning chamber, and thus the cleaning process can be carried out while 
manifesting the merits of each. 
[0026] 

The cleaning process can be shortened relative to conventional methods, and adhesion of contaminants 
during transport can be prevented because no transport occurs between cleaning processes. 

Brief description of the figures 

Figure 1 . Cross-sectional diagram of the spin processor of a working example of the present invention. 
Figure 2. Efagram showing (a) the cleaning process sequence using the spin processor of the present 
invention, and (b) the cleanbg process sequence of a conventional method. 



Key: 

1 Cleaning chamber 
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2 Rotor 

3 Carrier 

10 Spin processor 

1 6 Cleaning liquid supply pipe 

1 8 Cleaning gas supply pipe 

W Si wafer 

Figure 1 
//insert// 

Figure 2 

//insert// 
(a) 

1 Liquid phase cleaning 

2 Gas phase cleaning 

(b) 

1 Liquid phase cleaning 
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TI - Washing device with spin processor for e.g. silicon wafer - has washing 

gas supply pipe which supplies washing gas to inside of 'rotor and rx^-*- 
washing 

liquid supply pipe which supplies liquid washing agent to inside of 

rotor 

DC - P43 Ull 
AW - SPIN PROCESSOR 
PA - { SONY ) SONY CORP 
PR 
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IC1 - H01L-021/304 
IC2 - B08B-003/02 B08B-007/04 
AB - JP08008222 A 

The washing device comprises a rotor (2) which rotates inside a washing 
chamber (1) and a washing liquid supply pipe (16) which is projected 



into 



the rotor for supplying washing liquid. A carrier (9) is ^provided in a 

rotor and an Si wafer (W) is set up inside the carrier. "'The supplied' 

washing liquid is rot a t ecl""b y — a^l^tfor^- (-3 j - — ~~ 

A washing gas supply pipe ~(T8') is provided .which supplies washing 
gas agent after finishing liquid^phase-washing, A number of holes (11} 
are provided to the rotor which enable the gas to enter- into the 
carrier. An oxide film which adheres by liquid phase washing is removed 
by gaseous phased washing . 

US E /ADVANTAGE r For VLSI mfg. process. Prevents dryness after 



oxide 



AB - 



film removal. Reduces number of process. Employs each merit 
efficiently. Performs gaseous phase washing and liquid phase washing in 
same chamber. (Dwg.1/2) 
FN - WPG274K1.GIF 

-y- IJAflU) ^ 

AN - 96-008222 f VC^ 

TI - SPIN PROCESSOR 

PA - (2000218) SONY CORP 

IN - KAJITA, CHIHO . 

/>^C - 96.01.12 "JP300a£227 JP 08-8222 J 
Ap - 94.06.22 94JP-164469, 06-164469 

SO - 96.01.12 SECT. , SECTION NO. ; VOL. 96, NO. 1. 
IC - H01L-021/304; B08B-003/02; B08B-007/04 

JC - 42.2 (ELECTRONICS— Solid State Components); 28.1 (SANITATION— Sanitary 

Equipment) . «_■•>• 

PURPOSE: To provide a cleaning apparatus, which can sufficiently utilize 
the respective merits of liquid phase cleaning and gaseous phase 

cleaning. . 
CONSTITUTION: A spin processor 10 has a rotor 2, which is rotated in a 
cleaning chamber 1. A cleaning-liquid supplying pipe 16 for spraying 
cleaning liquid protrudes into the inside of the rotor 2. A changing-gas 
supplying pipe 18 is connected to the cleaning chamber 1. At the time of 
the cleaning, a carrier 9, wherein Si wafers W are set, is placed m tne 
rotor 2 and rotated by a motor 3, and the cleaning liquid is injected. 
Thus, the liquid-phase cleaning is performed. After the liquid-phase 
cleaning, HF vapor is introduced through the cleaning-gas supplying pipe 
18 and introduced into the carrier 9 through holes 11 of the rotor 2, 

an oxide film formed by the liquid phase cleaning undergoes the 

gas ph ^ aning _ since there is no drying after the removal of the oxide film, 
the number of steps becomes less than of the conventional cleaning 
process, and the cleaning process, which utilizes both merits, can be 
performed . 
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Specifications 

1 . Name of Invention 

Cleaning Method for Silicon Wafer 

2. Claims 

(1) A method for cleaning a silicon wafer is characterized by a cleaning liquid comprised of an aqueous 
solution that contains 0.1-20 wt% hydrogen fluoride during the silicon wafer cleaning process, along with 0.5 
- 25 wt% nitric acid that is used as an oxidizing agent. 



(2) A method for cleaning a silicon wafer is further characterized by a cleaning liquid comprised of an 
aqueous solution that contains 0.05 - 10 wt% hydrogen fluoride during the silicon wafer cleaning process, along 
with 0.05 - 10 wt% hydrogen peroxide that is used as an oxidizing agent. 

(3) A method for cleaning a silicon wafer is further characterized by a cleaning liquid comprised of an 
aqueous solution that contains 0.05 - 1 0 wt% hydrogen fluoride during the silicon wafer cleaning process, along 
with oxidizing gas bubbles that are mixed into the solution to be used as an oxidizing agent. 

3. Detailed Description of the Invention 
Industrial Field of Application 

This invention pertains to a cleaning method designed to provide a high level of cleanliness along the 
surface of a silicon wafer. 
Prior Art 

In recent years, the high level of integration within devices has brought a strong demand for an 
improved level of cleanliness along the surface of the silicon wafers that are used as substrates for these 
devices. 

When minute contaminants (also referred to as particles) exist along the surface of a silicon wafer, such 
as silicon particles, dust, etc., this can result in disconnections and shorts along the wires within a device, and in 
cases where metallic contaminants exist such as transition metals, other problems can arise such as the 
occurrence of defects along the oxidation inductive lamination layer, as well as a drop in the lifetime of the 
device. For this reason, when a cleaning process is conducted for the purpose of removing these contaminants, it 
is also necessary to prevent contamination during the cleaning process. 

Recently, the following methods have been used for cleaning silicon wafers: (1) a method in which 
cleaning is conducted using a diluted hydrogen fluoride solution, (2) a method in which cleaning is conducted 
using a mixed solution of either hydrochloric acid or sulfuric acid and hydrogen peroxide, and (3) a method in 
which cleaning is conducted using a mixed solution of ammonia and hydrogen peroxide. The cleaning liquid 
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used in each of these cleaning methods contains water and a highly pure lorm of chemicals designed to 
maximize the reduction of minute particle contaminants and transition metal contaminants. 
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Among the previous methods noted above, method (1) is capable of dissolving a natural oxide film with 
a normal thickness of 10A on a silicon wafer surface, and while this method is highly effective at removing 
metallic contaminants within the oxide film, it still presents some difficulty when it comes to reducing the level 
of minute particle contaminants. 

Method (2) is able to use a high level of dissolution capability with respect to the metallic contaminants 
contained within the sulfuric acid, but it is incapable of dissolving an oxide film. For this reason, it is highly 
effective when it comes to removing metallic contaminants located on top of an oxide film, but it has very little 
effect when it comes to removing metallic contaminants that are located within an oxide film or along the 
interface between an oxide film and silicon. 

Since method (3) works to dissolve the silicon itself, it is highly effective at removing metallic 
contaminants located on top of the silicon layer. However, due to the fact that the oxide film that is generated 
within the basic cleaning solution can easily become embedded with the metallic contaminants, etc., that exist 
within the cleaning solution, there is a high possibility that the silicon wafer will become contaminated once 
again. However, due to the fact that this method is highly effective at removing minute particles, it is widely 
used among wafer manufacturers and device manufacturers. 

In addition, as a method for resolving the problems experienced with the prior methods noted above, the 
so-called Slight Etch method was introduced in which a silicon wafer is cleaned by being dipped into a mixed 
solution of 60 wt% nitric acid and a maximum of 0.1 wt% hydrogen fluoride. (Ritsuo Takizawa, et al., 
"Extended Abstracts of Solid State Devices and Materials, 1988, P. 475) 

However, highly pure nitric acid, which is referred to as semiconductor grade nitric acid, still contains 
ppb-order or sub-ppb-order metallic contaminants such as Al, Ca, Cu, Fe, K, Na, Zn, etc. Accordingly, there is a 
high concentration of metallic contaminants within cleaning solutions that contain a high concentration of nitric 
acid, such as 60 wt%. Furthermore, when a cleaning tank made of quartz glass is used, the metallic impurities 
within the quartz glass become eluted into the solution, causing the concentration to gradually increase. 





Also, with the high oxidation strength of highly concentrated nitric acid, an oxide film forms on the 
surface of silicon wafers, and the metallic contaminants within the cleaning solution can easily become 
embedded within this oxide film. Therefore, even when the Slight Etch method is applied, there is a limit to the 
level of high purification that takes place with regard to the silicon wafers. 
Problem to Be Solved by the Invention 

A method for evaluating the purity of silicon wafer surfaces is one in which the lifetime (hereinafter 
referred to as the recombination lifetime) is investigated using the microwave reflection method. Using this 
method, the inventors have evaluated the purity of silicon wafers that were cleaned according to each type of 
method available. The results showed that in cases where Fe is included- -in the cleaning solution during cleaning 
operations in which a mixed solution of ammonia and hydrogen peroxide is used, contamination occurs along 
the silicon wafer surface at a level of approximately 8 x 10 u atoms/cm 2 even when the Fe amount is very low at 
0.5 ppb. It is further understood that this causes a drop in the recombination lifetime. (Otsuka, et al., The 34 th 
Semiconductor and Integrated Circuit Technology Symposium, Preliminary Findings, 1988, P. 37) 

The objectives of this invention are as follows: to significantly reduce the level of minute particle 
contaminants as well as metallic contaminants such as Fe when cleaning silicon wafers; to eliminate quality 
problems such as the occurrence of defects along the oxidation inductive lamination layer, as well as drops in 
lifetime; and to obtain a highly pure silicon wafer that will prevent degradation of electrical properties when 
used in devices. 

An outline of this invention follows. 

(1) A method for cleaning a silicon wafer is characterized by a cleaning liquid comprised of an aqueous 
solution that contains 0.1-20 wt% hydrogen fluoride during the silicon wafer cleaning process, along with 0.5 
- 25 wt% nitric acid that is used as an oxidizing agent. 

(2) A method for cleaning a silicon wafer is further characterized by a cleaning liquid comprised of an 
aqueous solution that contains 0.05 - 10 wt% hydrogen fluoride during the silicon wafer cleaning process, along 
with 0.05 - 10 wt% hydrogen peroxide that is used as an oxidizing agent. 




• # 

[icon wafer is further characterized by a ciea 



(3) A method for cleaning a silicon wafer is further characterized by a cleaning liquid comprised of an 
aqueous solution that contains 0.05 - 10 wt% hydrogen fluoride during the silicon wafer cleaning process, along 
with oxidizing gas bubbles that are mixed into the solution to be used as an oxidizing agent. 
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This invention is designed to minimize the amount of additives for the purpose of significantly reducing 
the level of impurities in a cleaning solution when a cleaning operation is conducted for silicon wafers. In 
addition, a cleaning solution with a superior level of cleaning capability is used. Specifically, this invention 
calls for an oxidizing agent to be added to a highly acidic aqueous solution containing a minimal amount of 
fluorine ions. Furthermore, as the oxide film along the silicon wafer surface is dissolved, an etching capability is 
provided for the silicon, making it possible to effectively remove metallic contaminants such as Fe, etc. Claim 
(1) notes that a minimal amount of nitric acid is used as an oxidizing agent, whereas Claim (2) notes that a 
minimal amount of hydrogen peroxide is used, and Claim (3) notes that an oxidizing gas is used. 

According to this invention, the respective concentrations of hydrogen fluoride, nitric acid, and 
hydrogen peroxide within the cleaning solution are given in weight percentages of HF, HN0 3 , and H 2 0 2 . In 
Claim (3), it is possible to use an oxidizing gas that contains oxygen as well as nitrous oxide (dinitrogen 
monoxide). Furthermore, an ultrapure form of water is used as a solvent. 

In Claim (1), given less than 0.1 wt% of hydrogen fluoride and less than 0.5 wt% of nitric acid, the 
removal effect with regard to the metallic contaminants is insufficient. If the hydrogen fluoride concentration is 
increased to exceed 20 wt%, a trend is recognized in which the amount of minute particle contaminants 
increases along the surface of the silicon wafers. Furthermore, if the nitric acid concentration is increased to 
exceed 25 wt%, there is an excessive amount of etching along the silicon surface, resulting in a defective wafer 
surface with a cloudy appearance. Thus, if the maximum concentration of hydrogen fluoride is set to 20 wt% 
and the maximum concentration of nitric acid is set to 25 wt%, there is no substantial problem with regard to 
the concentration of impurities that become intermixed from the chemicals. 

Therefore, the concentration of hydrogen fluoride has been set to a range of 0.1 - 20 wt%, and that of 
nitric acid has been set to a range of 0.5 - 25 wt%. Note that if the cleaning solution temperature is allowed to 
increase beyond the required level, this will cause the hydrogen fluoride as well as the water and nitric acid to 
escape in the form of steam and may result in a cleaning solution that falls outside the scope prescribed by the 
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invention. Furthermore, increasing th^emperature requires more time, whicl^ould result in a significant loss 
of productivity . Therefore, the preferred maximum temperature is 80°C. . 

In Claim (2), given less than 0.05 wt% of hydrogen fluoride and less than 0.05 wt% of hydrogen 
peroxide, the removal effect with regard to the metallic contaminants is insufficient. If the hydrogen fluoride 
concentration is increased to exceed 10 wt%, a trend is recognized in which the amount of minute particle 
contaminants increases along the surface of the silicon wafers. Furthermore, if the hydrogen peroxide 
concentration is increased to exceed 10 wt%, there is an excessive amount of etching along the silicon surface, 
resulting in a defective wafer surface with a cloudy appearance. Thus, if the maximum concentration of 
hydrogen fluoride is set to 10 wt% and the maximum concentration of hydrogen peroxide is set to 10 wt%, there 
is no substantial problem with regard to the concentration of impurities that become intermixed from the 
chemicals. 

Therefore, the concentration of hydrogen fluoride has been set to a range of 0.05 - 10 wt%, and that of 
hydrogen peroxide has been set to a range of 0.05 - 10 wt%. Note that if the cleaning solution temperature is 
allowed to increase beyond 80°C, this will cause uneven cleaning such that pits may form on the silicon wafer 
surface after the heat treatment is conducted. Therefore, the preferred maximum temperature is 80°C. 

In Claim (3), given less than 0.05 wt% of hydrogen fluoride and no intermixing of oxidizing gas 
bubbles, the removal effect with regard to the metallic contaminants is insufficient. If the hydrogen fluoride 
concentration is increased to exceed 10 wt%, the amount of minute particle contaminants increases along the 
surface of the silicon wafers, and at the same time, the etching amount becomes excessive, resulting in a 
defective wafer surface. Thus, if the maximum concentration of hydrogen fluoride is set to 10 wt%, there is no 
substantial problem with regard to the concentration of impurities that become intermixed from the chemicals. 
Furthermore, since a highly pure form of an oxidizing gas can be relatively easily obtained which has a very 
low concentration of impurities, this poses no problem. 

Therefore, the concentration of hydrogen fluoride has been set to a range of 0.05 - 10 wt%, and 
oxidizing gas bubbles are intermixed to be used as an oxidizing agent. Note that if the cleaning solution 






temperature is allowed to increase beyond 80°C, this will cause uneven cleaning such that pits may form on the 
silicon wafer surface after the heat treatment is conducted. Therefore, the preferred maximum temperature is 



In order to intermix the oxidizing gas bubbles within the cleaning solution, it is possible to use a means 
that is already well-known, such as inserting a gas introduction tube into the cleaning tank or installing gas jets 
along the bottom of the cleaning tank such that the gas is allowed to bubble into the tank. 

Based on this invention, there is an electrochemical coupling between the anodic dissolution reaction of 
the silicon that occurs between the silicon and fluorine ions, and the cathodic reaction that is caused by the 
oxidizing agent, resulting in a movement of the corrosion potential to the anode side. This makes it easy to 
remove the metallic contaminants from the silicon wafer surface. 



80°C 
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Passive membranes comprisea of silicon oxides are either chemicall^or electrochemically dissolved 
within the highly acidic aqueous solution containing fluorine ions that fall within the scope of the method 
discussed in this invention. Due to the fact that this will cause stripping of the silicon wafer surface, it is 
necessary to add a certain amount of oxidizing agent, and when the corrosion potential moves to the anode side, 
the metal contaminants are easily removed from the wafer surface. 

Note that according to the method described in this invention, substances other than those noted above 
as components of the cleaning solution may also be added without causing a loss of cleaning capability. 
Examples include salt types such as ammonium fluoride, etc. 

In addition, according to the method of this invention, it is also acceptable to use prior well-known 
forms of cleaning methods in conjunction with this method. As an example, for greater effect, cleaning can be 
conducted using a mixed solution of ammonia and hydrogen peroxide, followed by another cleaning in which a 
diluted fluorine aqueous solution is used, after which cleaning is finally conducted using the method of this 
invention. 
Embodiments 

<1> Embodiment for Claim 1 

The surfaces of silicon wafers are contaminated with the following: approx. 270 x 10 10 atoms/cm 2 of Cr, 
approx. 240 x 10 10 atoms/cm 2 of Cu, approx. 2230 x 10 10 atoms/cm 2 of Fe, and approx. 313 x 10 10 atoms/cm 2 of 
Ni. These wafers are then dipped into the various cleaning solutions listed in Table 1, which provides the results 
for each cleaning. Immediately after cleaning, the silicon wafers are cleaned twice for at least five minutes each 
under ultrapure running water, after which they are spun dry and an analysis is conducted to determine the level 
of metallic contamination on the surface. 

During the analysis, chemical etching using a concentrated fluorine and nitric acid solution is applied to 
dissolve a 1 nm surface layer, after which the metallic element concentration within this solution is measured 
using a frameless atomic absorption photometry analysis method. Note that ND indicates a level that falls below 




the lower limit for analytical determination. Also note that Cr is less than 0.1 l^O 10 atoms/cm 2 , Cu and Fe are 
less than 0.2 x 10 10 atoms/cm 2 , and Ni is less than 2.0 x 10 10 atoms/cm 2 . 

The minute particles on the wafer surface are measured using a wafer surface particulate measuring 
device, and those wafers showing 10 particulates per wafer or less are indicated with an 0, whereas those 
showing more than 1 0 particulates per wafer are indicated with an X. 

In addition, a visual judgment is made as to whether the wafer surfaces after cleaning are hydrophobic or 
hydrophilic. Those that are hydrophobic are indicated with an O, those that are slightly hydrophobic are marked 
with a , and those that are hydrophilic are marked with an X. A hydrophobic surface indicates that a silicon 
oxide, namely and oxide layer, does not exist on the silicon wafer surface. 

An optical microscope is then used in order to observe whether or not there are any pitting defects along 
the wafer surface, and the findings are included in the table. The absence of pits indicates that the etching 
amount is appropriate, such that the wafer has an extremely smooth mirror surface. 

In Table 1, Comparison Examples 1 and 15 show that the residual amounts of Fe and Cu are particularly 
high due to the low levels of hydrogen fluoride during cleaning. In the same fashion, Comparison Examples 6 
and 14 show a high occurrence of pitting as well as residual minute particle contamination due to the fact that 
the hydrogen fluoride levels are too high. Pitting defects also occur in the cases of Comparison Examples 19 
and 20 due to the fact that the nitric oxide levels are too high. 

Prior Art Example No. 21 in which the Slight Etch cleaning method is applied uses an aqueous solution 
that has 60 wt% of HN03 and 0.1 wt% of HF, but the removal effect is low with regard to Fe. Prior Art 
Example No. 22 in which the Ammonia Hydrogen Peroxide cleaning method is applied uses an aqueous 
solution that has 4.1 wt% of NH 3 and 4.4 wt% of H 2 0 2 , and among the various cleaning methods, this one has 
the lowest removal effect with regard to metallic contaminants, especially in the case of Fe. Prior Art Example 
No. 23 in which the Chlorine Hydrogen Peroxide cleaning method is applied uses an aqueous solution that has 
5.1 wt% of HC1 and 4.4 wt% of H 2 0 2 , and although this method is currently the most widely used due to its 



metallic contaminant removal effect, it still has a low removal effect with regard to Fe when compared to the 
examples given for this invention. 

Example (1) of this invention shows a significant reduction in both minute particle contaminants as well 
as metallic contaminants, with no evidence of pitting defects on the surface after cleaning. Furthermore, the 
surface is shown to be hydrophobic after cleaning, with no existence of an oxide film. This means that the type 
of recontamination that occurs when cleaning is performed in such a way that an oxide film is formed during 
cleaning and metallic contaminants within the cleaning solution are allowed to become embedded within the 
oxide film has not occurred in the case of Example 1 of this invention. 




<2> Embodiments for Claims 2 and J 

The surfaces of silicon wafers are contaminated with the following: approx. 18 x 10 10 atoms/cm 2 of Cr, 
approx. 1 10 x 10 10 atoms/cm 2 of Cu, approx. 1 10 x 10 10 atoms/cm 2 of Fe, and approx. 21 x 10 10 atoms/cm 2 of Ni. 
These wafers are then dipped into the various cleaning solutions listed in Table 2, which provides the results for 
each cleaning. The cleaned wafers then undergo the same procedures as noted in Embodiment <1> with regard 
to water rinsing and drying, followed by an analysis of the metallic contaminants, measurements regarding 
minute particle contaminants, and observations of pitting defects. The results are shown in Table 2. 

Examples (2) and (3) of this invention, which are the respective embodiments of Claims (2) and (3) of 
this invention, show that the levels of metallic contaminants and minute particle contaminants are drastically 
reduced, with no evidence of pitting defects. 

Due to the low levels of hydrogen fluoride and hydrogen peroxide used during cleaning in the case of 
Comparison Example No. 8, as well as the low level of hydrogen fluoride used during cleaning in the case of 
Comparison Example No. 9, both of these examples show high residual amounts of Cr, Cu, and Fe. In the case 
of Comparison Example No. 15, the low level of oxidizing agent used during cleaning results in high residual 
amounts of Cr, Cu, and Fe. Also, as shown in Comparison Examples No. 16, No. 17, and No. 18, excessive 
amounts of hydrogen fluoride and hydrogen peroxide result in the appearance of pitting defects as well as an 
increase in the level of minute particle contaminants. 



Table 1 



No. 


HN0 3 
(%) 


HF 
(%) 


Third 
Com- 
po- 
nent 
(NH 4 F) 


Clean- 
ing 
Time 
(sec.) 


Sol. 
Temp. 
(°C) 


Heavy 
Si 


metal contamination on 
jrface after cleaning 
(x 10 10 atoms/cm 2 ) 


Surface 
After 
Cleaning 


Pitting 
Defects 


Min. 
Part. 
Cont. 


Class. 


Cr 


Cu 


Fe 


Ni 


01 


0.50 


0.05 


None 


300 


25 


61 


2.3 


23 


ND 


X 


None 


O 


CE 


02 


0.10 


0.10 


None 


300 


25 


2.4 


20 


15 


ND 




None 


O 


CE 


03 


0.50 


5.00 


None 


300 


25 


ND 


ND 


ND 


ND 


O 


None 


O 


PEl 


04 


0.50 


10.0 


None 


300 


25 


ND 


ND 


ND 


ND 


0 


None 


O 


PEl 


05 


0.50 


20.0 


None 


300 


25 


ND 


ND 


ND 


ND 


0 


None 


O 


PEl 


06 


0.50 


30.0 


None 


300 


25 


ND 


ND 


ND 


ND 


0 


Yes 


X 


CE 


07 


0.50 


5.00 


0.1% 


300 


25 


ND 


ND 


ND 


ND 


0 


None 


O 


PEl 


08 


0.50 


5.00 


None 


300 


40 


ND 


ND 


ND 


ND 


0 


None 


O 


PEl 


09 


0.50 


5.00 


None 


300 


60 


ND 


ND 


ND 


ND 


0 


None 


O 


PEl 


10 


0.50 


5.00 


None 


300 


80 


ND 


ND 


ND 


ND 


0 


None 


O 


PEl 



i3 



1 1 

1 1 


1 C A 


A 1 A 

U. 1U 


None 


inn 

3UU 


ZO 


NU 


Xjpv 

NU 


XT pi 

NU 


NU 


u 


None 


u 


Pbl 


12 


15.0 


A 1 A 
0.1U 


A 1 0/ 
0.1% 


"2 A A 

3UU 


oc 

2.j 


XT Pi 


XIpv 

NU 


NU 


XT Pi 

NU 


u 


None 


r\ 
O 


Pel 


13 


15.U 


TA A 

zU.U 


None 


1AA 
3UU 


ZO 


NU 


xjpv 
NU 


NU 


XT Pi 

NU 


u 


None 


U 


Pel 


14 


1 ^ A 

13. U 


-JA A 

30. U 


None 


7AA 

3UU 


ZO 


NU 


NU 


NU 


NU 


u 


i es 


v 

A 


Cb 


15 


A 


A AC 

0.05 


None 


T AA 
3UU 


ZD 


NU 


1 Q 
1 .0 


3.3 


NU 


A 


None 


U 


CE 


1 £. 

16 


ZO.U 


A 1 A 
0.10 


None 


1 A A 

3UU 


ZO 


NU 


NU 


NU 


NU 


u 


None 




Pbl 


1 *7 

17 


a 

ZO.U 


< AA 

5.00 


None 


3UU 


ZD 


NU 


NU 


XTP\ 

NU 


XT pi 

NU 


r\ 
U 


None 




DPI 


1 o 

18 


25.0 


1 A A 

10.0 


None 


T AA 
300 


ZO 


NU 


NU 


XT FN 
NU 


NU 


U 


None 


U 


DC 1 


1 A 

19 


30.0 


5.00 


None 


300 


zo 


XIP\ 

NU 


NU 


NU 


NU 


u 


Yes 


r\ 
\J 




20 


30.0 


20.0 


None 


300 


25 


ND 


ND 


ND 


ND 


0 


Yes 


0 


CE 


21 


Slight Etch Method 


300 


70 


NU 


z.o 


34 


NU 


V 

A 


None 


U 


PAb 


22 


Ammonia Hydrogen 
Peroxide Method 


600 


80 


2.7 


2.4 


77 


ND 


X 


None 


0 


PAE 


23 


Chlorine Hydrogen 
Peroxide Method 


600 


80 


ND 


ND 


15 


ND 


X 


None 


0 


PAE 



[Translator's Note: In the Classification (Class.) column above, CE = Comparison Example; PE1 = Patent 
Example (1); PAE = Prior Art Example] 
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Oxidiz 








Heavy metal contamination on 
















Third 


Clean- 




Surface after cleaning 
(x 10'° atoms/cm 2 ) 














ing 


Com- 


ing 


Sol. 




Min. 




No. 


HF 


HA 


Gas 
Com- 


po- 


Time 


Temp. 










Pitting 


Part. 


Class. 




(%) 


(%) 


posi- 
tion 
(%) 


nent 


(sec.) 


(°C) 


Cr 


Fe 


Ni 


Cu 


Defects 


Cont. 




01 


0.05 


1.00 


None 


None 


600 


25 


ND 


ND 


ND 


ND 


None 


O 


PE2 


02 


0.51 


0.10 


None 


None 


600 


25 


ND 


ND 


ND 


ND 


None 


O 


PE2 


03 


0.10 


2.01 


None 


None 


600 


25 


ND 


ND 


ND 


ND 


None 


O 


PE2 


04 


0.50 


0.12 


None 


None 


600 


25 


ND 


ND 


ND 


ND 


None 


O 


PE2 


05 


1.05 


0.11 


None 


None 


360 


25 


ND 


ND 


ND 


ND 


None 


O 


PE2 


06 


1.00 


1.07 


None 


NH 4 F 
0.10% 


240 


25 


ND 


ND 


ND 


ND 


None 


O 


PE2 


07 


0.99 


5.00 


None 


None 


120 


25 


ND 


ND 


ND 


ND 


None 


O 


PE2 


08 


0.03 
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[Translator's Note: In the Classification (Class.) column above, CE = Comparison Example; PE2 = Patent 
Example (2); PE3 = Patent Example (3)] 

Effect of the Invention 

When a silicon wafer is cleaned using the method described in this invention, a highly pure silicon wafer 
can be obtained in which the levels of metallic contaminants and minute particle contaminants are significantly 
reduced. Furthermore, not only does this invention make it possible to avoid a drop in quality among silicon 
wafers, such as the occurrence of defects along the oxidation inductive lamination layer as well as a drop in 
lifetime, when these wafers are used in highly integrated devices such as IC, LSI, etc., it is also possible to 
prevent degradation of electrical properties in these devices. 
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SPECIFICATION 

1 , Title of the invention Semiconductor Wafer Cleaning Method 



2. Claims 

(1) A semiconductor wafer cleaning method, characterized in that a semiconductor wafer is immersed in a 
cleaning liquid composed of ammonia, sulfuric acid, hydrochloric acid or other substance, whereupon ozone is 
supplied to the aforementioned cleaning liquid. — ^>=^ - ^ 

3. Detailed description of the invention 
Field of industrial utilization 

The present invention concerns a method for cleaning semiconductor wafers, and in particular, concerns a 
method for cleaning semiconductor wafers^whereui oxygen is supplied during cleaning. 

Prior art 

In the past, methods for cleaning semiconductor wafers, as shown in Figure 2, have involved introducing a 
dilute solution containing 10% or less of such substances as sulfuric acid (H 2 S0 4 )^ aqueous ammonia (NH 4 OH), 
hydrochloric acid (HQ) and hydrofluoric acid (HF) into a cleaning vessel 11, and heating this cleaning liquid 13 to 
approximately 80°C with a heater 12. TTie semiconductor wafer is cleaned by immer^iagjjnjh^^ If In 
order to improve the cleaning activity, hydrogen peroxide (HA) is added drqpwise to the cleanSgUquid 13 
immediately prior to introduction of the semiconductor wafer so that oxygen is generated, thereby achieving greater 
cleaning uniformity. 
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This type, Of method j* common knowledge in, tor example, Japanese Unexamined (Kokfli) Patent 

AppUcationNo. Sho 59-46032 (H 01 L 21/304). 

Problems to be solved by the invention 

However various disadvantages have resulted from the type of method described above. Firstly, there is 
the disadvantage that water is generated due to thermal decomposition resulting from the use of hydrogen peroxide, 
and the cleaning liquid 13 is thus additionally diluted, producing non-uniform cleaning which results in a loss of 
surface iwiformity of the semiconductor wafer. For this reason, the defect density of oxide films formed by thermal 
oxidation increases, and the surface condition becomes non-uniform during polysihcon cleaning. 

Secondly, there is the disadvantage that the cleaning liquid 13 is contaminated by contaminants contained 
in the liquid because hydrogen peroxide is used, so that a clean cleaning process is not carried out. 

Thirdly, if the attempt is made to improve cleaning efficiency by increasing the temperature of the cleaning 
liquid 13, there is the disadvantage that thermal decomposition of the hydrogen peroxide will accclerate : . and the 
cleaning effects will actually be compromised. 

Means for solving the problems , 

The present invention was developed in light of the disadvantages described above, and offers a meaning 
method for semiconductor wafers wherein past disadvantages have been dramatically mitigated by means of 
supplying ozone to the cleaning liquid. 

ACtl ° n In accordance with the present invention, ozone gas is introduced into the cleaning liquid 4 during 
cleaning, so that oxygen can be supplied in constant quantities and dilution of the cleaning liquid 4 can be stopped. 

Working examples . 

The cleaning method for semiconductor wafers pertaining to the present invention is described below in 

reference to Figure 1 . 

A 90-96% concentrated sulfuric acid stock solution (H^S0 4 ) ; ammonia aqueous solution (NH 4 OH) s 
hydrochloric acid (HO), nitric acid (HN0 5 ) or hydrofluoric acid (HF) is diluted to 10% or less and is introduced as 
cleaning liquid 4 into a clearung vessel 1, where a pipe 2 composed of quarto or Teflon is installed below the 
cleaning vessel 1 in such a manner that ozone (O a ) is blown upwards from below. A heater 3 is installed below the 
cleaning vessel 1 for heating the cleaning liquid 4. With sulfuric acid, heating is performed at 100-140°C, whereas 
with ammonia aqueous solution, heating is performed at 80-100°C. 

A semiconductor wafer that is held on a stand is immersed in this cleaning vessel 1, and ozone is 
introduced from the pipe 2 so that the semiconductor wafer is cleaned while supplying oxygen ions into the cleaning 

liquid 4. . . 

In this method, oxygen ions arc continuously supplied without accompanying dilution of the cleaning 
liquid 4 because ozone is a gas. By this means, oxidation of the cleaned surface is facilitated and a hydrophihe 
treatment is carried out so that an extremely clean cleaning process can be performed with good reliability. 

Characteristic curves used for representing cleaning effects in the cleaning method of the present invention 
and a conventional cleaning method are shown in Figure 3. In comparing the method of the present invention 
wherein NH 4 OH + O, is used and a method known as a conventional RCA cleaning method wherein NH 4 OH + 
H 2 0 2 is used, the heating temperature has been restricted to 80-90°C in the past due to thermal decomposition of the 
H 2 0 2) and the cleaning effects deteriorate as indicated by the arrow due to dilution of the liquid with water 
generated by thermal decomposition: H 2 0 2 //arrow// H 2 0 + 0*//upwards arrow//. With the present invention, 
however, ozone is used so that cleaning effects are greatly improved because heating can be performed at 100°C or 
greater. In addition, the method of the present invention that employs H^SO, + O, provides effects that are similar 
to those of conventional methods that employ H 2 0 4 + H 2 0 2 . 

Effect of the invention 

Firstly, the present invention has the advantage that ozone is used as the source for generating oxygen ions, 
so that the cleaning liquid 4 is not diluted, and cleaning is activated by the oxygen ions. As a result, cleaning can be 
reliably and uniformly carried out at the surface of the semiconductor wafer. 

Secondly, the invention has the advantage that ozone is a gas, and thus there is no danger of pollution of 
the cleaning liquid 4 with cemtarninants when this substance is introduced, so that cleaning can be performed 
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without contamination. , 
Thirdly, the invention has the advantage that, because ozone is used, oxygen ions can be supplied in 

constant amounts even if the temperature of the cleaning liquid 4 is increased, because there is no connection with 

thermal degradation of HA tt>e cleaning effects can thus be increased by two ox more times over past methods. 

Fourthly, the invention has the advantage that, because ozone is used, H 2 0 2 liquid need not be managed, 

which simplifies management from the standpoint of safety relative to cases where H 2 0 2 is used. 

Brief description of the figures 

Figure 1 is a cross-sectional diagram describing the cleaning method for semiconductor wafers pertaining 
to the present invention, Figure 2 is a cross-sectional diagram describing a conventional method for cleaning 
semiconductor wafers, and Figure 3 is a graph for showing the cleaning effects obtained in the past and with the 
present invention, 

1 Cleaning vessel 

2 Pipe 

3 Heater 

4 Cleaning liquid 

Figure 1 
Figure 2 
Figure 3 

1 Cleaning effects (relative scale) 

2 Temperature 
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